Fig. 1. Recurrent neural control scheme
Control methods which are applicable to general nonlinear systems have been intensely developed since the early 1980's. Recently, the passivity approach has generated increasing interest for synthesizing control laws (Hill & Moylan, 1996) . An important problem for these approaches is how to achieve robust nonlinear control in the presence of unmodelled dynamics and external disturbances. In this direction, there exists the so-called H ∞ nonlinear control approach (Basar & Bernhard, 1995) . One major difficulty with this approach, alongside its possible system structural instability, seems to be the requirement of solving some resulting partial differential equations. In order to alleviate this computational problem, the so-called inverse optimal control technique was recently developed, based on the input-to-state stability concept (Krstic & Deng, 1999) . In (Sanchez et al., 2002) , a robust adaptive neural controller for nonlinear systems with uncertainties is considered, in order to guarantee stability and trajectory tracking; a direct control approach is considered, where a recurrent neural network is assumed to model the unknown system and a control law is designed using the Lyapunov methodology and the inverse optimal control approach (Krstic & Deng, 1999) . In this article we use Recurrent Neural Networks for applications to rollover prevention on heavy vehicles where we consider the presence of uncertainties and unmodeled dynamics. An active control algorithm is developed to prevent rollover if corrective actions from the driver are not done after receiving alarm signals for rollover threats. The proposed adaptive control scheme, as shown in Fig. 1 , is composed of a recurrent neural identifier and a controller, where the former is used to build an on-line model for the unknown plant, and the latter to force the unknown plant to track the reference trajectory. An update law for the high order recurrent neural network weights is proposed via the Lyapunov methodology. The control law is synthesized using the Lyapunov methodology and the inverse optimal control approach. The algorithm is tested, via simulations, for prevention of rollover of the tractor semitrailer model developed in (Hyun & Langari, 2003) . Speed only control and Speed-Yaw rate control are applied in order to reduce the lateral acceleration and roll angle of the trailer. The list of symbols that appear in this chapter are presented in Table 1 and  Table 2 
System model description
In this paper, we consider as the simulation tool, the tractor-semitrailer model presented in (Hyun & Langari, 2003) , which has 14 degrees of freedom:
,, 
Artificial neural networks
Artificial neural networks have become an useful tool for control engineering thanks to their applicability on modelling, state estimation and control of complex dynamic systems. Using neural networks, control algorithms can be developed to be robust to uncertainties and modelling errors. Neural Networks consist of a number of interconnected processing elements or neurons. The way in which the neurons are interconnected determines its structure. For identification and control, the most used structures are: Feedforward networks. In feedforward networks, the neurons are grouped into layers. Signals flow from the input to the output via unidirectional connections. The network exhibits high degree of connectivity, contains one or more hidden layers of neurons and the activation function of each neuron is smooth, generally a sigmoid function. Recurrent networks. In a recurrent neural network, the outputs of the neuron are fed back to the same neuron or neurons in the preceding layers. Signals flow in forward and backward directions.
Recurrent higher-order neural networks
Artificial Recurrent Neural Networks are mostly based on the Hopfield model (Hopfield, 1984) . These networks are considered as good candidates for nonlinear systems applications which deal with uncertainties and are attractive due to their easy implementation, relatively simple structure, robustness and the capacity to adjust their parameters on line. In (Kosmatopoulos, et al. 1997) , Recurrent Higher-Order Neural Networks (RHONN) are defined as 
S χζ ζ ∈ + .
As can be seen, (1) allows the inclusion of higher-order terms. By defining a vector 
considered. This means that the same number of inputs and states is used. We also assume that the RHONN is affine in the control, so that (2) can be rewritten as () ,
Reformulating (3) in matrix form yields
Adaptive recurrent neural control for tractor-semitrailer 4.1 Problem formulation
The nonlinear system (tractor-semitrailer) model can be described as
We propose to model the unknown nonlinear plant by the recurrent neural network 
Therefore, the tracking problem reduces to a stabilization problem for the error dynamics (17). To solve this problem, we next apply the inverse optimal control approach.
Tracking error stabilization
Once (17) 
Next, we consider the following inequality (Poznyak et al., 1999) ,
which holds for all matrices , and with 0
Applying (23) 
We now apply the Barbalat's lemma (Khalil, 1996) , (Khalil, 2002 (11), (16), (26). This control law guarantees asymptotic stability of the error dynamics and therefore ensures the tracking of the reference signal.
Optimization with respect to a cost function
Once the control law (26) is obtained, we proceed to analyze its optimality with respect to a cost function which considers the tracking error and the magnitude of the applied input. Next, we prove that the control law (26), minimizes the cost function given by (Sanchez et al., 2002) ( )
where the Lyapunov function solves the following Hamilton-Jacobi-Bellman family of partial derivative equations parametrized with 0 
Substituting (26) 
Replacing (35) 
Simulation results for rollover active control
We now apply the developed approach on rollover active control for cornering situations, where the features of the road can be assumed to be known by means of a system such as GPS, in order to determine the steering input for the vehicle. A prediction model can be introduced in the control scheme in order to predict the rollover threat and to produce a warning signal. For the cases where the driver can not respond to warning signals, active rollover control is necessary in order to prevent rollover. We consider two control approaches. First we develop a speed control which would be activated before cornering using differential braking, which could be available for implementation purposes. For the second approach, we consider the case where the road could be slippery, thus the braking would not be the same on each wheel, so the braking process would produce undesirable roll, yawing and lateral acceleration response, which would reduce the rollover threshold (Hyun & Langari, 2003) . The tractor roll motion is governed by its lateral acceleration, which is generated by longitudinal speed and vehicle steering angle. In order to have reference values for the desired yawing response, the roll threshold and lateral acceleration threshold, we consider the values given in (Hyun & Langari, 2003) . The approach is based on building a recurrent neural network identifier which models the longitudinal speed x v and yaw rate, which considers two inputs: longitudinal force T F and yawing moment z T . The model is described by the following RHONN The results for the speed-only control in Fig. 6 and Fig. 7 show that the speed is decreased successfully, but the yaw response deviates from the desired one, and the trailer presents high values of the roll angle. In order to reduce these effects we now apply a speed-yaw rate control. The results for trajectory tracking are shown in Fig. 8 to Fig. 10 , where the tracking error is decreased considerably. The value for the roll angle decreased compared to the speed-only control simulation. The lateral acceleration presents an improved response. The speed-yaw rate control scheme prevents the rollover threat by forcing the values for roll and lateral acceleration to be far from the rollover threshold parameters. 
Conclusions
In this paper an adaptive recurrent neural network controller is developed in order to prevent rollover in heavy vehicles. The control scheme is composed of an Recurrent Neural
